Abstract Immunosenescence is a hallmark of the aging immune system, leading to increased susceptibility to infections in the aged population and decreased ability to eradicate infectious pathogens. These effects, in turn, result in an increased burden on the healthcare system due to elevated frequency and duration of hospital visits. Growing evidence suggests that cells of the innate immune system are central modulators for the initiation and maintenance of an adequate pathogen-specific response through the adaptive immune system. While there are many reports on age-dependent alterations and dysfunctions of the adaptive immune system, the underlying mechanisms and effects of natural aging on the composition of the innate immune system remain unknown. Here, we present the results obtained from the comprehensive immunophenotyping of innate leukocyte populations, examined for age-related alterations within different sub-populations assessed using multiparametric flow cytometry. We compared peripheral blood mononuclear cells from 24 young (aged 19-30 years) and 26 elderly (aged 53-67 years) donors. 
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CD16
++ monocytes were increased in the elderly compared with the young. The populations of pDCs and mDC2 were decreased among the elderly. These data demonstrate that the dynamics of the mDC subsets might counteract decreased virus surveillance. Furthermore, these data show that the maturation of NK cells might gradually slow down.
Introduction
The immune system protects individuals from invading pathogens and ensures the removal of these organisms in case of successful entry into the host organism. The adaptive arm of the immune system is characterized by the somatic recombination of receptor genes, generating lymphocyte populations, namely T and B cells, carrying highly diverse antigen receptors. The innate arm recognizes pathogens through invariant, germline-encoded pattern recognition receptors (PRR), such as Toll-like receptors (TLRs), NOD-like receptors (NLRs), and RIG-I-like receptors (RLRs). The appropriate activation of innate immune cells is crucial for the establishment of subsequent adaptive immune responses.
The human immune system undergoes a multitude of age-related changes, referred to as immunosenescence. While age-dependent processes can be observed in the adaptive immune system, as investigated and discussed in a parallel study (Stervbo et al. 2015) , little is known about age-dependent processes in the cells of the innate immune system, such as natural killer (NK) cells, monocytes, granulocytes, and dendritic cells (DCs). Principally, in circulation, these cells have a higher turnover compared with lymphocytes, but in tissue monocytes, the cells differentiate into long-lived macrophages and/or DCs (Yona et al. 2013) .
Different sub-populations of human monocytes can be identified through the differential expression of CD14 and CD16 (Cros et al. 2010 (Ziegler-Heitbrock et al. 2010) . Although all three populations show diverging potential in terms of macrophage and DC cell differentiation, the induction of T cell proliferation might be similar (Zawada et al. 2011; Ziegler-Heitbrock and Hofer 2013) . Previous data have demonstrated age-dependent changes in monocyte sub-populations (Seidler et al. 2010; Nyugen et al. 2010) .
Several DC subsets have been described, with a general separation into plasmacytoid (pDCs) and myeloid, or classical, DCs (mDCs) (Collin et al. 2011) . There is conflicting information concerning the effects of aging on the different DC subsets. Some reports have demonstrated a decrease in pDC numbers with age (Shodell and Siegal 2002; Jing et al. 2009; Orsini et al. 2012) , while other reports did not show differences (Bella et al. 2007; Agrawal et al. 2007) . Similarly, mDC numbers in adults either decrease with age (Bella et al. 2007) or show no alterations (Agrawal et al. 2007; Jing et al. 2009; Orsini et al. 2012) .
NK cells recognize and lyse virus-infected cells. These cells are divided into two main subsets based on CD56 expression: cytotoxic CD16 + CD56
dim NK cells and cytokine-producing CD16 − CD56 bright NK cells (Long et al. 2013 ). The total numbers of NK cells increase with age (Almeida-Oliveira et al. 2011; Solana et al. 2012) , reflecting a change in the ratio of CD56 dim / CD56 bright (Hayhoe et al. 2010 ) through an increasing fraction of CD56 dim cells and a decreasing fraction of the CD56 bright population (Borrego et al. 1999; Chidrawar et al. 2006; Le Garff-Tavernier et al. 2010; Almeida-Oliveira et al. 2011) . However, some reports did not observe any significant alterations of either population (Chidrawar et al. 2006) .
The current knowledge on age-dependent alterations of the innate immune system either originated from studies investigating immune reactions in cohorts with a large age spread or from experimental settings where the immune composition of old adults (>65 years) is compared with a young population, i.e., individuals in their twenties. Thus, little is known about age-associated differences in the innate immune system throughout adulthood, including middle-aged individuals at steady state. Here, we report the fraction and cell count of innate immune cells, namely monocytes, DCs, and NK cells in healthy adult donors. We observed that transitional monocytes and non-classical CD14 +-
CD16
++ monocytes are increased in the elderly donors compared with young individuals. In contrast, pDC and mDC2 sub-populations were smaller in the elderly. No difference was observed in CD56 dim and CD56
bright NK cells or their sub-populations, except for a decrease in the CD62L + CD57 + subset among CD56 dim NK cells.
Materials and methods

Study cohort
The samples were obtained in the fall of 2011 from the PRIMAGE study cohort at Berlin-Brandenburg Center for Regenerative Therapies, Charité -Universitätsmedizin Berlin. The study was approved by the ethics board of the Charité (approval number EA 1/175/11). All study participants gave their written informed consent prior to enrolment for the study. A total of 50 donors were recruited, with no minors under the age of 18 participating. All study participants were healthy adults and aged between 19 and 67 years. Individuals who were receiving immunomodulatory therapy, having hemoglobin values lower than 12 g/ dl, or who were pregnant were not enrolled for the study.
The final cohort consisted of 24 young donors (19-30 years, 12 females, 12 males) and 26 elderly donors (53-67 years, 16 females, 10 males), and its characteristics are summarized in Supplementary Table 1 . From each donor, a total of 100 ml blood was drawn using 10 ml Lithium-Heparin Vacutainers (BD Biosciences) and processed immediately.
Preparation of PBMCs
Peripheral blood mononuclear cells (PBMCs) were prepared from whole blood using Leucosept Tubes (Cellstar) according to the manufacturer's instructions. In brief, separations tubes were filled with 15-ml FicollPaque Plus (GE Healthcare) followed by addition heparinized blood pre-diluted in a 1:1 ratio with PBS (Gibco). The tubes were centrifuged at 800×g for 15 min at room temperature. PBMCs were then isolated and washed twice with PBS. : TB03 ; Miltenyi Biotec), CD69-PECy7 (Clone: FN50; BioLegend), CD27-APC (Clone: M-T271; Miltenyi Biotec), and Ki67-PerCpCy5.5 (Clone: B56; BD Biosciences). All surface staining was performed in PBS at 10 7 cells/ml for 15 min at room temperature. Prior to staining with antibodies, unspecific antibody binding was blocked with Beriglobin (ZLB Behring) at a final concentration of 1 mg/ml. Dead cells were marked with LIVE/DEAD Fixable Aqua Dead Cell Stain (Invitrogen) at a final concentration of 1 μg/ml prior to fixation with the formaldehyde containing FACS-Lysing-Solution (BD Biosciences) for 10 min at room temperature. After permeabilization with FACS-Perm-Solution (BD Biosciences) for 10 min at room temperature, Ki67 was stained intracellular for 30 min at room temperature in FACS-Perm-Solution. Samples were acquired on a MACS Quant (Miltenyi Biotec) flow cytometer equipped with blue 488 nm, red 633 nm, and violet 405 nm lasers.
Statistics
FACS data was analyzed using FlowJo version 9.6.4 (Tree Star) and statistical analysis was performed using R, version 2.15 (R Core Team 2012) . p values <0.05 were considered significant. Plots were generated with the R-package ggplot2 (Wickham 2009 Supplementary Fig. 1 ). T cells, B cells, and NK cells were excluded in a dump channel using anti-CD3, anti-CD20, and anti-CD56 antibodies, and granulocytes lacking HLA-DR expression were also excluded (Supplementary Fig. 1 ; Abeles et al. 2012) . Classical monocytes showed higher frequencies in the elderly, but this effect and any observed differences in cell count were insignificant (Fig. 1a) . Both transitional monocytes and CD14
+-CD16 ++ non-classical monocytes were increased in frequency and number in the elderly group compared with the young group (Fig. 1b, c) . Table 2 ). In the elderly, both the frequency and absolute cell count for pDCs were lower (Fig. 1f) . Inversely, the mDC2 frequencies among the non-monocytes and total counts were significantly higher in this group (Fig. 1g) . The mDC1 sub-population and CD14 − CD16 − nonmonocytes did not differ between the two age groups (Fig. 1d, f ).
Minor differences in NK cell sub-populations NK cells were identified based on the expression of CD56 and separated into mature and generally cytotoxic CD16 + CD56 di m cells and cytokine-producing CD16 −
CD56
bright cells for further analysis (Supplementary Fig. 2) . None of the analyzed donors showed activated NK cells in circulation, as demonstrated by the absence of CD69 + expression in all CD56 subpopulations (data not shown). A tendency towards lower fractions, but higher counts, of CD16 + CD56 dim cells was observed in the elderly group (Fig. 2a) .
To further assess the maturation and functional status of the CD56 + NK cells, the cells were stained for CD62L and CD57. Expression of CD62L gradually declines with increasing CD57 expression in NK cells and marks a gradual maturation from cytokine producers to completely cytotoxic NK cells (Juelke et al. 2010; Nielsen et al. 2013 + sub-population was significantly lower in the elderly (Fig. 2e) , corresponding to an insignificant increase in the frequencies of fully immature CD62L −
CD57
− cells (Fig. 2b) (Fig. 2c, d ). Although the proportion of the CD62L + CD57 + sub-population was significantly lower in the elderly, the cell counts were similar for both groups (Fig. 2e) . The expression of CD27, identifying naïve NK cells, did not differ between young and elderly individuals in the previously described sub-populations analyzed (Fig. 2f-i ). In addition, no age-related differences were observed in the proliferative behavior of NK cell subsets based on the expression of Ki67 (Supplementary Fig. 3a-e) .
For the more immature CD16 − CD56 bright cells, a tendency towards lower fractions and cell counts was observed (Fig. 3a) . Furthermore, no age-associated alterations were observed in CD62L + CD57
− (Fig. 3b) , (Fig. 3c) , or Ki67 + ( Supplementary  Fig. 1f ) cells.
Discussion
In addition to age-related changes in the adaptive immune system addressed in part II of this two-part continuing PRIMAGE study (Stervbo et al. 2015) , we analyzed qualitative and quantitative immunophenotypical changes within the innate leukocyte compartment, including sub-populations of monocytes, DCs, and NK cells. We reported the effect of aging on the mDC subpopulations mDC1 and mDC2 and the double expression of CD62L and CD57 among NK cells. We reported the first evidence of an increase in mDC2 cells and a decrease in transitional CD62L + CD57
+ cells among CD56 dim NK cells. Although aging is a continuous process, much attention has been paid to the elderly (i.e., older than 65 years) because of increased susceptibility to infections and an impaired response to vaccines (Montecino-Rodriguez et al. 2013 ). However, little is known about the immune phenotype of the immune systems of late middle-aged individuals. It is clear that age-related alterations might be less prominent in the elderly than in the old; for instance, the diversity of T cells dramatically decreases after the age of 70 (Weiskopf et al. 2009 ). However, it is also clear that age strongly correlates with comorbidities in an exponential fashion (Niccoli and Partridge 2012) . Thus, the age group used in the PRIMAGE study is less likely affected through comorbidity. Fig. 1 Monocytes and DCs. Cells were gated as described in Supplementary Fig. 1 . Shown are boxplots for frequencies and total cell numbers/microliter whole blood for a CD14 ++ CD16
− classical monocytes; b CD14 ++ CD16 + transitional monocytes; c CD14 +-CD16 ++ non-classical monocytes; d non-monocytes; e pDC; f total mDC; g mDC1; h mDC2. The box indicates the 25th, 50th, and 75th percentiles; the whiskers the minimum and maximum values excluding outliers. Wilcoxon rank-sum test was used to test for differences and p values <0.05 are reported
The role of gender together with aging in shaping the adaptive immune system is unknown. Although differences in immune responses between men and women have been observed (Nalbandian and Kovats 2005; Furman et al. 2014) , assessment of the contribution of gender to alteration of the immune system is outside of the scope of the PRIMAGE study.
We observed a significant increase in the frequency of transitional and CD14 +-
CD16
++ non-classical monocytes in the elderly compared with the young. This observation is consistent with previous studies showing an age-dependent decrease of classical monocytes, while minor subsets increased correspondingly (Seidler et al. 2010; Nyugen et al. 2010 (Yang et al. 2014) . However, the data presented here suggested that the observed disease association is rather an association with age. It would be interesting to follow the PRIMAGE cohort and determine whether there is a disease risk associated with the We observed smaller pDCs populations in the elderly compared with the young, consistent with other reports describing an age-dependent decrease of pDCs (Shodell and Siegal 2002; Jing et al. 2009; Orsini et al. 2012) , although some groups have reported diverging observations (Bella et al. 2007; Agrawal et al. 2007) .
The results of the present study provide the first evidence of the effect of aging on the mDC subpopulations mDC1 and mDC2. We demonstrated an increase in the mDC2 population, while the mDC1 population remained unchanged throughout the analyzed age groups. While this change was observed in the mDC2/mDC1 ratio, the CD14 − CD16 − BDCA1 + non-monocyte mDCs did not change with age (data not shown), consistent with the results of previous reports on this subject (Agrawal et al. 2007; Jing et al. 2009; Orsini et al. 2012) . Only a single report has demonstrated a decrease in both the fraction and cell count in total adult mDCs (Bella et al. 2007 ), potentially reflecting differences in the markers used for the identification of total mDCs. Notably, in a previous study, children possessed higher frequencies of mDCs compared with adults (Orsini et al. 2012 ). This observation indicates that a contraction of the mDC population occurs early in life. The mDC2 populations respond to ligands of TLR3, TLR7/8, and TLR9 through the production of high amounts of INFλ (Hémont et al. 2013; Nizzoli et al. 2013 ). Thus, the data presented here demonstrate that the increase in the mDC2 population might maintain virus surveillance, indicating a compensation for diminished immunocompetence in the elderly. Within the NK cell compartment, the ratio of CD56 dim /CD56 bright cells increases with age (Borrego et al. 1999; Chidrawar et al. 2006; Hayhoe et al. 2010; Le Garff-Tavernier et al. 2010; Juelke et al. 2010; Almeida-Oliveira et al. 2011) . We also detected slightly increased numbers of CD16 + CD56 dim cells. The expression of CD57 and CD62L cells has been associated with the gradual maturation of NK cells (Luetke-Eversloh et al. 2013 ). CD57 might be expressed on highly cytotoxic NK cells (Nielsen et al. 2013 (Juelke et al. 2010 ). However, this observation might reflect a general increase in CD56 dim cells. CD57 either increases or remains unchanged with age (Hayhoe et al. 2010; Le Garff-Tavernier et al. 2010) . The analysis of the NK compartment revealed an apparent slowdown CD56 bright NK cells. Cells were gated as described in Supplementary Fig. 2 . Shown are boxplots for frequencies and total cell numbers/microliter whole blood for a total CD56; b CD56 of the maturation process of NK cells within the CD56 dim population. Similarly to the age-associated changes described for the adaptive immune system, the composition of the innate immune system is subject to dynamic changes throughout life. The data presented here suggest that these alterations do not uniformly affect all cell types, but rather display substantial variations between the different leukocyte subsets. Together with data from the companion paper (Stervbo et al. 2015) , it is apparent that immunocompetence does not simply decrease with age, but is modulated to counteract detrimental alterations.
